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I.  Executive  Summary 


In  this  Final  Report  we  summarize  the  design  and 
performance  of  an  optically  phase-conjugated  tun¬ 
able  visible  dye  laser  system,  and  the  frequency 
doubled  Q-switched  Nd:YAG  laser  used  to  drive  it. 
This  high-brightness  laser  source  utilized  optical 
phase-conjugation  (OPC)  via  Stimulated  Brillouin 
Scattering  (SBS)  in  a  double-passed  dye  laser  cell 
containing  Rhodamine  6G  in  methanol.  The  dye  cell 
itself  served  as  the  SBS  active  medium.  The  use  of 
SBS  to  remove  optical  aberrations  in  laser  systems  is 
relatively  well-known;  the  implementation  described 
in  this  Final  Report  is  unique  and  can  be  used  to 
provide  a  very  compact  tunable  laser  source. 

We  have  produced  a  56%  improvement  in  beam 
brightness  and  a  2.74  times  improvement  in  beam 
jitter  using  the  SBS  in  the  double  passed  amplifier 
over  using  an  ordinary  retro  mirror.  This  increase  in 
beam  brightness  is  due  to  a  significant  improvement 
in  beam  quality,  and  some  pulse  compression, 
obtained  by  using  SBS. 

Output  energy/pulse  of  23  mJ  has  been  demonstrated 
at  10  Hz  and  560  nm  output  wavelength;  tunability 
from  554  to  574  nm  has  also  been  demonstrated. 


Phase-conjugated  output  was  obtained  at  a  repetition 
rate  up  to  18  Hz,  limited  only  by  the  laser  power 
supply.  No  change  in  the  output  of  the  phase-conju- 
gat^  dye  laser  occurred  over  a  sbc  month  period 
(10^  laser  shots),  indicating  that  little  or  no  dye  deg¬ 
radation  occurred  from  the  532  nm  pump  nor  the 
SBS  process. 

Our  experiments,  described  in  detail  in  this  Final 
Report,  indicate  that  compact  tunable  high  bright¬ 
ness  visible  lasers  can  become  a  reality  in  the  near 
term.  Our  proof-of-principle  demonstration  system 
utilized  a  modified  commercial  dye  laser  system 
which  was  not  optimized  for  efficiency  nor  cornpact- 
ness.  The  availability  of  high-brightness  tunable 
visible  lasers  will  lead  to  advancements  in  the  state- 
of-the-art  of  military  countermeasure  lasers  and 
commercial  scientific  lasers. 

Work  described  in  this  Final  Report  was  performed 
at  Laser  Technology  Associates,  Inc.  (LTA)  facilities 
in  Johnson  City,  NY,  and  at  the  facilities  of  LTA’s 
subcontractor.  Physical  Sciences,  Inc.  (PSI),  in 
Andover,  MA. 


II.  Introduction 


This  document  is  the  Final  Report  for  U.S.  Army 
Phase  II  Small  Business  Innovation  Research  (SBIR) 
Contract  #DAAB07-90-C-P022,  entiUed  “Efficient 
Tunable  Visible  Laser  Source.”  The  primary  goal  of 
this  contract  was  to  demonstrate  the  feasibility  of 
using  OPC  via  SBS  to  improve  the  beam-quality  of 
tunable  visible  dye  lasers.  A  second  goal  was  to 
experimentally  implement  the  concept  previously 
generated  during  a  companion  Phase  I  SBIR  contract 
(#  DAAB07-88-C-P035)  in  which  the  final  double 
passed  dye  laser  amplifier  was  also  used  to  provide 
the  SBS  medium  (i.e.  the  dye  dissolved  in  metha¬ 
nol).  We  have  successfully  achieved  both  of  these 
goals. 

Tunable  visible  dye  lasers  have  a  myriad  of  applica¬ 
tions  that  can  generally  be  categorized  as  military  or 
commercial.  Commercial  applications  are  the  most 
well-known  and  include  medical,  scientific,  remote 
sensing,  etc.  The  laser  described  in  this  Final  Report 
appears  to  have  several  advantages  when  compared  ’ 
to  present  commercially  available  dye  lasers.  Due  to 
a  significant  increase  in  beam  brightness,  the  laser 
will  make  an  ideal  source  for  nonlinear  experiments. 
For  example,  frequency  doubling  or  tripling  should 
be  more  efficient  In  addition,  we  have  found  that 
the  output  beam  angular  jitter  is  significantly 


improved.  While  not  investigated  during  this  pro¬ 
gram,  we  also  expect  a  significant  decrease  in  the 
amount  of  amplified  spontaneous  emission  (ASE) 
present  in  the  output  beam  due  to  the  nature  of  the 
SBS  process. 

Military  applications  primarily  involve  the  use  of 
tunable  dye  lasers  in  countermeasure  systems.  Tun¬ 
ability  is  a  desirable  feature  in  modem  military 
systems  since  laser  output  is  more  difficult  to  detect. 
It  is  desirable  that  a  military  system  be  able  to  pro¬ 
duce  a  desired  intensity  on  a  target  at  range;  optical 
aberrations  in  the  laser  system  and  in  the  atmosphere 
however  reduce  the  obtainable  intensity.  By  elimi¬ 
nating  the  optical  aberrations  inherent  in  the  laser 
system  itself,  by  using  OPC,  a  significant  increase  in 
on  target  intensity  can  be  obtained.  Another  import¬ 
ant  point  is  that  the  same  intensity  on  target  can  be 
achieved  with  less  dye  laser  output  (e.g.  a  smaller 
laser).  As  described  in  detail  below,  during  this  pro¬ 
gram  we  have  demonstrated  that  OPC  in  the  dye 
medium  itself  appears  to  be  a  practical  and  reliable 
way  of  achieving  a  major  improvement  in  the  beam 
quality  and  brightness  of  conventional  military  and 
commercial  dye  laser  systems. 
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In  this  Final  Report,  we  describe  in  Section  III  the 
design  and  development  of  the  Nd;YAG  source 
operating  at  1064  nm.  In  Section  IV  we  show  our 
frequency  doubling  results,  resulting  in  a  green  532 
nm  beam  that  makes  a  near  ideal  pump  for  the  tun- 


Final  Report 

able  dye  laser  source.  Section  V  details  the  tunable 
dye  laser  experiments.  Finally,  in  Section  VI,  we 
summarize  the  results  obtain^  under  this  contract 
and  make  recommendations  for  further  development 
(referred  to  as  Phase  III  in  the  SBER  program). 


III.  Nd:YAG  Laser  Design  and  Performance 


Overall  Design: _ 

We  chose  to  design  and  demonstrate  a  frequency 
doubled  pulsed  Nd:YAG  laser  for  use  as  a  pump 
source  for  the  tunable  dye  laser  system.  The  original 
concept  is  shown  in  Figure  1;  an  oscillator/amplifier 
system  was  envisioned  where  the  output  of  a  single 
longitudinal  mode  (SLM)  oscillator  was  double 
passed  through  a  following  Nd:YAG  amplifier.  Dou¬ 
ble  passing  was  provided  by  Stimulated  Brillouin 
Scattering  (SBS)  in  a  high-pressure  cell.  The  result¬ 
ing  phase  conjugation  would  remove  thermally 
induced  aberrations  in  the  amplifier  cell,  leading  to  a 
near  diffraction-limited  output  ideal  for  frequency 
doubling.  In  order  to  achieve  this  with  good  effi¬ 
ciency,  the  oscillator  was  to  be  injection-locked 
using  a  diode-pumped  Nd:YAG  single  frequency 
laser.  The  oscillator  consisted  of  a  pump  chamber 
housing,  a  polarizer  and  Q-switch,  a  high  reflector, 
and  a  variable  reflectivity  mirror  (VRM)  as  an  out¬ 
put  coupler.  A  positive  branch  VRM  resonator  was 


chosen  to  provide  a  smooth  transverse  output,  good 
extraction  efficiency,  and  good  beam  quality. 

During  the  design  phase  of  this  laser  it  became 
apparent  that  a  far  more  efficient  and  compact  laser 
could  be  achieved  by  eliminating  the  amplifier  stage 
in  Figure  1  and  increasing  the  oscillator  rod  diame¬ 
ter.  Accordingly,  we  arrived  at  the  final  design 
shown  in  Figure  2  which  is  identical  to  the  oscillator 
section  of  Figure  1  but  with  a  larger  rod  diameter. 

Pump  Chamber  Design 

and  Characterization:  _ 

The  pump  chamber  design  chosen  is  shown  in  an 
end-on  view  in  Figure  3.  Its  construction  consists  of 
a  racetrack  fused  silica  solid  body  into  which  cool¬ 
ing  channels  were  provided  for  the  Nd:YAG  rod  and 
two  Xe  flashlamps.  A  silver  coating  was  applied  to 
the  outside  of  the  fused  silica  body.  This  highly  effi¬ 
cient  pump  chamber  design  was  arrived  at  by  using 
an  LTA  developed  pump  chamber  design  code, 
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Figure  2.  Final  Q-S witched  Nd:YAG  Unstable  Resonator 


RAYOP  [1,2],  RAYOP  uses  as  its  input  empirically 
derived  flashlamp  spectral  data  generated  with 
LTA’s  Spectral  Characterization  Facility  (SCF).  A 
measured  flashlamp  spectrum  is  shown  in  Figure  4. 
The  Xe  flashlamps,  two  of  which  were  operated  in 
series,  had  an  8  mm  inside  diameter,  a  7.62  cm  arc 
length,  a  450  t  fill  pressure,  and  Cerium  doped  1  mm 
thick  fused  silica  walls.  Two,  rather  than  a  single, 
lamps  were  chosen  in  order  to  provide  a  high  degree 
of  pumping  symmetry  in  the  Nd:YAG  rod,  thus 
eliminating  any  potential  problems  with  non-uniform 
gain  and  heat  deposition.  The  PFN  provided  a 
250  |isec  pulsewidth  (1/3  of  maximum  current),  and 
up  to  136  J/pulse  stored. 

In  order  to  characterize  the  energy  actually  dissi¬ 
pated  by  the  Xe  flashlamps,  we  measured  the  lamp 
current  and  differential  voltage  to  determine  the 
transfer  efficiency  from  PFN  stored  energy  to  energy 
dissipated  by  the  lamp.  The  results  are  shown  in 


Figure  5  where  the  electrical  transfer  efficiency  is 
plotted  as  a  function  of  PFN  stored  energy.  The 
resulting  efficiency  is  approximately  71.6%. 

Various  shapes  were  considered  for  the  pump  cham¬ 
ber  reflecting  surface,  including  single  and  dual 
elliptical,  close-coupled  circular,  racetrack,  etc.,  and 
various  combinations  of  these.  An  important  consid¬ 
eration,  however,  was  that  the  final  pump  chamber 
design  be  manufacturable  and  cost-effective.  A  num¬ 
ber  of  considerations,  including  absorption  efficiency 
and  optical  damage  led  us  to  choose  a  9.5  mm  diam¬ 
eter  Nd:YAG  rod.  By  using  RAYOP  we  arrived  at 
the  racetrack  design  that  provides  excellent  pumping 
uniformity  and  efficiency  while  satisfying  our 
manufacturability  and  cost-effectiveness  criteria.  A 
3-D  profile  of  the  predicted  inversion  uniformity  is 
shown  in  Figure  6.  At  the  design  point  of  102  J 
stored  in  the  PFN,  we  determined  that  the  transfer 
efficiency  from  the  Xe  flashlamps  to  upper  level 


Figure  3.  Nd:YAG  Laser  Pump  Chamber  End  View 


3 


Phase  II  Tunable  Visible  Laser  Source 


Final  Report 


Figure  5.  Lamp  Energy  vs.  PFN  Energy 


Figure  6.  Nd:YAG  Rod  Excitation  Profile 


X  (mm) 
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inversion  using  the  racetrack  configuration  was 
7.5%.  The  heat  transfer  efficiency  was  4.8%. 

We  have  also  modeled  the  expected  CW  distortion 
and  focal  lengths  of  the  Nd:YAG  rod  at  various  rep¬ 
etition  rates  (average  power).  In  order  to  achieve  this 
we  used  a  finite  element  model  to  determine  the 
radial  (r),  tangential  (0),  and  longitudinal  (z)  compo¬ 
nents  of  the  thermally  induced  stress  tensor.  Contour 
plots  of  the  three  stress  tensors  for  the  Nd:YAG  rod 
are  shown  in  Figures  7-9  for  a  maximum  expected 
heat  power  density  of  25  W/cm^.  In  Figure  10  we 
show  the  expected  optical  path  length  difference 
(variation  from  the  center),  AOPL,  for  a  flat-topped 
(phase)  beam  propagating  through  the  rod,  as  a  func¬ 
tion  of  the  rod  radius  and  for  the  same  heat  loading. 
Shown  are  the  various  contributing  effects,  including 
change  in  index  with  temperature,  index  changes  due 
to  stress-induced  birefringence,  and  rod  end  effects. 


Using  this  model,  we  predicted  the  rod  focal  power 
as  a  function  of  rod  average  heat  load  for  both  the  r- 
and  e-polarization  components.  This  is  shown  in 
Figure  1 1  (the  average  is  also  shown).  Also  in  Fig¬ 
ure  1 1  we  have  plotted  the  rod  focal  length  or  power 
(average)  determined  experimentally  by  using  a  col¬ 
limated  HeNe  laser  and  varying  the  average  power 
delivered  to  the  pump  chamber.  To  get  good  agree¬ 
ment  between  theoretical  and  experimental  data,  a 
less  than  unity  quantum  efficiency  of  0.70-0.75  was 
assumed,  thus  increasing  the  heat  load. 

Following  fabrication  of  the  pump  chamber  and 
assembly,  we  first  characterized  the  unit’s  small- 
signal  gain.  By  using  a  stable  CW  NdiYAG  laser 
and  photodiode  with  1064  nm  narrow  bandpass  fil¬ 
ter,  we  determined  the  small-signal  gain  shown  in 
Figure  12  as  a  function  of  lamp  energy.  It  can  be 
seen  that  the  gain  is  nearly  linear  but  begins  to  roll 


Figure  7.  NdiYAG  Rod  Radial  Stress  Tensor 


Oj^-Tensor  Profile  in  kgm/cm^ 


Rod:  3/B*'D  >f 
Qavc  =  25  W/c  rrP 
Max  ■  -7.86  kgpn/cm2 
Min  a,  ■  —1 08.3  kgm/c  rrt* 


To  Lomps 


X  (mm) 


Figure  8,  Nd:YAG  Rod  Tangential  Stress  Tensor 

a0-Tensor  Profile  in  kgm/cm^ 

Rod:  3/8’*Dx3’V 
Q*v«  *  25  W/crrP 
Uox  c,  “  203.5  kgm/cm2 
Min  a,  «  —1  02.2  kgm/cm2 

To  Lamps 


-0.50  -0.25  0.00  0.25  0.50 

X  (mm) 
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Figure  9.  NdrYAG  Rod  Longitudinal  Stress  Tensor 


2 

a2-Tensor  Profile  in  kgm/cm 


X  (mm) 


Figure  10.  NdrYAG  Rod  Optical  Path  Length  Differences 

AOPL  Components  and  Total  Radial  and  Tangental 


Figure  11.  NdrYAG  Rod  Focal  Power  vs.  Input  Power 


Radial-  and  Tangential-Polarization  Focal  Power  and  Measured  Data 


Phase  II  Tunable  Visible  Laser  Source 

off  around  a  small-signal  gain  of  10.  This  rod  has 
achieved  a  gain  of  14,  more  than  respectable  for  a 
9.5  mm  diameter  rod.  This  high  gain  is  attributed  to 
the  use  of  a  coarser  grit  to  roughen  the  rod  barrel 
surface,  making  it  more  effective  in  suppressing  the 
parasitics  and  amplified  spontaneous  emission  (ASE) 
responsible  for  the  roll  off  in  gain  in  Figure  12.  The 
small-signal  gain  is  a  direct  measure  of  the  amount 
of  energy  stored  in  the  rod  available  for  Q-switch- 
ing.  It  can  be  seen  from  Figure  12  that 
approximately  1.9  J  of  extractable  Q-swltched  en¬ 
ergy  is  available  at  the  peak  lamp  energy. 

Following  the  gain  characterization,  we  began 
extraction  efficiency  measurements  to  determine  the 
pumping  efficiency.  A  close-coupled  hemispherical 
resonator  was  chosen  for  these  experiments.  In 
Figure  13  we  show  the  configuration;  a  2  m  radius 
high  reflector  (HR),  and  a  partial  reflector  (PR)  out- 
coupler  separated  by  36  cm  was  used.  In  order  to 
optimize  the  extraction  efficiency,  the  value  of  the 
outcoupler  reflectivity  was  varied.  This  resonator 


Final  Report 

configuration  was  chosen  to  insure  that  most  energy 
was  extracted  from  the  entire  rod  volume.  In  Figure 
14  we  show  the  results  of  these  experiments.  The 
output  energy  is  shown  as  a  function  of  lamp  input 
energy  for  outcoupler  reflectivities  of  40,  50,  60,  70, 
80,  and  90%.  It  can  be  seen  that  the  optimum  reflec¬ 
tivity  is  about  50%.  An  output  energv/pulse  of  2.5  J 
was  achieved.  Threshold  was  9.0  ]'  and  the  slope 
efficiency  was  3.28%.  Following  this  data,  we 
replaced  the  laser  rod  in  the  pump  chamber  and  re¬ 
peated  the  50%  outcoupler  run.  Shown  in  Figure  15, 
a  slope  efficiency  of  3.65%  was  then  demonstrated 
with  an  output  of  2.8  J  and  a  threshold  of  8.4  J.  The 
previous  rod  had  shown  a  visible  distortion  around 
the  barrel  and  was  thus  replaced. 

If  we  use  the  maximum  lamp  energy  shown  in 
Figure  15.  about  85  J,  an  estimated  50%  radiative 
efficiency  for  the  Xe  flashlamps  [3],  and  the  calcu¬ 
lated  lamp-to-inversion  transfer  efficiency  of  7.5%, 
almost  3.2  J  of  extractable  energy  was  stored  in  the 
rod.  We  succeeded  in  extracting  the  majority  of  the 


Figure  12.  Nd:YAG  Rod  Small-Signal  Gain  vs.  Lamp  Input  Energy 


Figure  13.  Nd:YAG  Close-Coupled  Hemispherical  Resonator 
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Figure  14.  Nd:YAG  Close-Coupled  Hemispherical  Resonator 


Long  Pulse  Output  vs.  Input  Energy 


Figure  15.  Nd:YAG  Close-Coupled  Hemispherical  Resonator 


Rerun  of  50%  Outcoupler  with  New  Rod 


stored  energy  in  the  long-pulse  mode.  The  extraction 
efficiency  was  85%,  in  agreement  with  our  Rigrod 
extraction  efficiency  model.  Note  that  the  long-pulse 
energy  is  significantly  higher  than  that  predicted  by 
the  small  signal  gain  in  Figure  12  since  once  long- 
pulse  extraction  begins  at  threshold,  parasitics,  ASE, 
and  fluorescence  decay  losses  are  minimal. 

Following  the  close  coupled  long-pulse  experiments 
described  above,  we  switched  to  a  longer  hemispher¬ 
ical  resonator  and  compared  its  long-pulse 
performance  to  the  VRM  unstable  resonator  with  the 
same  length.  The  hemispherical  resonator  used  a  +8' 
m  HR  and  a  flat  50%  PR  as  an  outcoupler.  The  mag¬ 
nification  1.15  VRM  resonator  used  the  same  +8  m 
HR  and  a  VRM  outcoupler  with  a  -6.9  m  radius,  an 
average  reflectivity  of  10%,  a  peak  reflectivity  of 
15%,  and  a  third-order  super-Gaussian  profile  with  a 


waist  of  2.4  mm.  In  Figure  16  we  show  the  obtained 
long-pulse  output  energy  as  a  function  of  flashlamp 
energy  for  both  resonators.  At  a  lamp  energy  of  85  J, 
the  hemispherical  and  VRM  resonators  achieved 
1.07  J  and  1.05  J,  respectively.  The  reduction  in 
energy/pulse  that  occurs  when  compared  to  the  close 
coupled  hemispherical  resonator  of  Figure  15  that 
achieved  2.8  J  is  due  to  the  lower  mode  volume  or 
rod  fill  of  the  longer  resonators.  The  70  cm  long 
hemispherical  resonator  extracts  only  39%  of  the 
available  energy.  The  VRM  resonator  extracts  only 
38%  although  the  average  reflectivity  is  only  10%. 
On  the  other  hand  the  VRM  resonator  extracts  98% 
of  that  achieved  with  the  70  cm  long  hemispherical 
resonator.  These  results  indicate  that,  due  to  the 
reduced  mode  volume,  about  720  mJ  of  stored 
energy  is  available  for  Q-switching. 
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Q-Switched  Characterization: _ 

Following  our  initial  characterization  of  the  pump 
chamber  for  long-pulse  operation,  we  conducted  a 
series  of  Q-switching  experiments.  We  inserted  a 
KD*P  Pockels  cell  and  two  polarizers  in  the  VRM 
resonator  as  previously  shown  in  Figure  2.  The  mea¬ 
sured  extinction  ratio  of  the  polarizers  was  400;  two 
were  used  in  order  to  suppress  pre-lasing  and  para¬ 
sitic  modes  expected  due  to  the  large  round-trip  gain 
of  about  200.  Measured  transmission  of  the  Pockels 
cell  and  the  polarizers  was  greater  than  99%. 
Pockels  cell  operation  was  in  the  quarter-wave  (X/4) 
mode.  Measured  X/4  voltage  was  about  3250  V. 
Three  separate  Q-switch  drivers  were  investigated, 
based  on  krytron,  thyratron,  and  avalanche  transistor 
switches.  Pre-  and  post-pulse  lasing  were  observed 
at  the  higher  gains,  depending  upon  the  driver.  The 
optimum  driver  found  was  the  thyratron,  with  about 
a  15-20  nsec  switching  time  and  a  200  nsec  recovery 
time.  No  detectable  pre-  nor  post-lasing  was 
observed  with  this  driver,  even  at  the  highest  gain 
level.  A  problem  with  all  drivers  was  that  the 
Pockels  cell  did  not  fully  recover  at  the  time  the  Q- 
switched  pulse  built  up  (typically  50  nsec  at  the 
highest  gain).  Typically,  a  10-157o  loss  was  encoun¬ 
tered,  reducing  the  Q-switched  output  and  the  laser 
efficiency.  An  improved  driver  would  correct  this, 
significantly  increasing  the  output. 

The  laser  was  aligned  for  Q-switched  operation  by 
observing  the  output  beam  with  an  LTA  developed 
video  processing  system  (VPROC),  The  extinction 
voluige  and  Q-switch  were  adjusted  to  give  complete 
extinction  at  the  highest  pumping  energy.  It  was 
ensured  that  pre-  and  post-lasing  were  suppressed  by 
monitoring  with  a  fast  photodiode  and  oscilloscope. 

In  Figure  17  we  show  the  laser  Q-switched  output  at 
a  1  and  10  Hz  repetition  rate.  A  maximum  pulse 


energy  of  513  mJ  was  achieved  at  1  Hz,  and  378  mJ 
at  10  Hz.  The  optimum  delay  between  flashlamp  and 
Pockels  cell  firing  was  determined  for  each  voltage 
(or  lamp  energy).  Average  power  was  thus  0.5  W  at 
1  Hz  and  3.8  W  at  10  Hz.  The  loss  in  efficiency  as 
repetition  rate  is  increased  was  due  to  the  thermally 
induced  birefringence  in  the  rod,  resulting  in  rejec¬ 
tion  at  the  polarizer.  No  techniques  were 
implemented  to  reduce  the  average  26%  birefrin¬ 
gence  loss.  In  Figure  18  we  show  the  Q-switched 
pulsewidth  for  the  1064  nm  (and  532  nm  -  to  be 
discussed  later)  output  as  a  function  of  lamp  energy. 
It  can  be  seen  that  a  minimum  pulsewidth  of  slightly 
less  than  10  nsec  was  achieved  for  a  lamp  energy  of 
85  J;  the  resultant  peak  power  was  then  51.3  MW. 

Analysis  has  shown  that  further  significant  increases 
can  be  achieved  with  this  oscillator  during  Phase  III. 
Of  the  approximately  1.88  J  available  for  Q-switch¬ 
ing,  by  comparison  with  the  long-pulse  results,  we 
can  access  only  720  mJ  with  the  VRM  resonator. 
Our  maximum  output  was  513  mJ  or  71%  of  the 
available  energy.  Calculation  has  shown  that  with  a 
more  optimized  Q-switch  and  driver,  extraction  effi¬ 
ciency  can  be  increased  to  85%,  or  600  mJ.  Further 
increases  of  up  to  25%  can  be  obtained  by  the  incor¬ 
poration  of  a  Samarium  (Sm)  doped  solid  pump 
chamber  body,  optimization  of  the  VRM  reflectivity 
and  profile,  and  further  optimization  of  the  Xe 
flashlamps.  During  the  Phase  HI  program  we  thus 
expect  to  achieve  over  750  mJ  of  Q-switched 
energy/pulse.  Further  increases  in  efficiency  and 
higher  repetition  rate  performance  can  also  be 
expected.  We  intend  to  implement  a  number  of  tech¬ 
niques  for  minimizing  the  effects  of  thermal 
focusing  and  birefringence,  allowing  efficient  opera¬ 
tion  up  to  50  Hz  during  Phase  III. 

VPROC  was  also  used  to  obtain  beam  profiles  from 
the  laser.  In  Figure  19  we  show  output  beam  near- 


Figure  16.  Hemispherical  and  VRM  Unstable  Resonator 


Long  Pulse  Output  vs.  Input  Energy 
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Figure  17.  Q-Switched  Output  vs.  Input  Energy 

VRM  Unstable  Resontaor  at  1  and  10  Hz  Repetition  Rate 


Figure  18.  Q-Switched  Pulsewidth  vs.  Lamp  Energy 

VRM  Unstable  Resonator  1064  nm  and  (Doubled)  532  nm  Pulsewidths 


field  profiles  for  three  lamp  energies,  measured  150 
cm  from  the  VRM,  and  for  a  repetition  rate  of  1  Hz. 
In  Figure  20  similar  profiles  are  shown  for  10  Hz. 
The  slightly  diamond  shaped  output  profile  in  Figure 
20  is  characteristic  of  a  laser  operating  with  a  ther¬ 
mally  induced  birefringence  loss.  Far-field  beam 
profiles  were  also  obtained  with  VPROC,  using  a  25 
cm  focusing  lens.  The  near  and  far-field  results  were 
then  used  to  obtain  the  beam  quality.  At  1  Hz  the 
beam  quality  was  2.6  mm-mrad  (diffection-limited) 
for  low  lamp  energy  while  at  85  J/pulse  it  deterio¬ 
rated  to  8.5  mm-mrad,  or  about  3.3  times , 
diffraction-limited.  The  change  in  beam  quality  with 
lamp  energy  is  a  consequence  of  the  radijilly  varying 


gain  and  beam  sizes  with  pump  energy.  The  average 
beam  quality  for  the  resonator  at  1  Hz  was  6.5  mm- 
mrad  or  2.5  times  diffraction-limited.  At  10  Hz,  the 
beam  quality  varies  between  8.5  mm-mrad  at  low 
lamp  energy  to  almost  20  mm-mrad  at  85  J/pulse. 
The  primary  reason  for  this  is  that  the  resonator  was 
near-optimum  only  at  1  Hz.  To  achieve  excellent 
beam  quality  at  10  Hz  the  power  of  the  HR  must  be 
reduced  to  compensate  for  the  rod  focusing.  This 
optimization  was  not  attempted  during  this  program 
due  to  programmatical  constraints.  In  spite  of  the  de¬ 
graded  beam  quality  at  10  Hz,  as  we  show  below  we 
were  still  able  to  obtain  acceptable  second  harmonic 
generation  (SHG)  efficiencies. 
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Figure  20.  NdiYAG  Q-Switched  Laser  Near-Field  Profdes 
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IV.  Second  Harmonic  Generation 


In  order  to  provide  a  pump-source  for  the  tunable 
dye  laser  experiments,  the  1064  nm  Q-switched 
beam  had  to  be  converted  to  a  visible  wavelength. 
SHG  was  chosen  to  provide  532  nm  output,  near¬ 
ideal  for  pumping  the  Rhodamine  6G  dye  chosen  for 
the  dye  laser.  For  good  conversion  and  easy  experi¬ 
mental  implementation,  we  chose  to  use  the 
nonlinear  crystal  KTP  in  a  Type  II  phase-matching 
scheme.  As  shown  in  Figure  21,  the  1064  nm  beam 
is  incident  upon  a  half-wave  (V2)  waveplate  that  is 
used  to  select  the  polarization  at  an  optimum  angle 
of  45°  with  respect  to  the  e-  and  o-axes  of  the  crys¬ 
tal.  The  532  nm  light  then  emerges  from  the  crystal 
with  vertical  polarization  while  the  unconverted 
1064  nm  light  emerges  with  horizontal  polarization. 


Following  the  SHG  crystal,  a  45°  turning  mirror  was 
used  to  separate  the  1064  nm  and  532  nm  light;  the 
mirror  was  HR  for  532  nm  and  maximally  transmis¬ 
sive  for  1064  nm. 

For  our  initial  experiments,  a  6x6x7  mm^  KTP  crys¬ 
tal  was  used.  Each  face  was  anti-reflection  (AR) 
coated  for  both  wavelengths.  A  four  axis  mount  was 
used  to  maximize  conversion  efficiency.  In  addition, 
a  Galilean  demagnifying  telescope  with  a  magnifica¬ 
tion  of  1.3  was  placed  before  the  SHG  crystal  to 
reduce  the  beam  size  and  provide  collimation.  The 
telescope  lenses  were  AR  coated  at  1064  nm.  With 
this  setup  we  were  able  to  achieve  the  conversion 
results  shown  in  Figure  22  at  a  repetition  rate  of  1 
and  10  Hz.  Unfortunately,  we  damaged  the  output 


Figure  21.  Frequency  Doubling  Optical  Layout 


Figure  22.  Frequency  Doubling  Conversion  Efficiency 

1  and  10  Hz  Repetition  Rate 
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face  of  the  SHG  crystal  during  these  runs  and  were 
unable  to  finish  the  10  Hz  results.  Nevertheless,  we 
achieved  a  respectable  66%  conversion  efficiency. 
The  significantly  increased  conversion  efficiency  at 
1  Hz  for  the  higher  incident  1064  nm  pulse  energies 
is  a  consequence  of  the  increase  in  peak  power  or 
intensity  due  to  the  increased  energy/pulse  and  de¬ 
creasing  1064  nm  pulsewidth.  The  increased 
conversion  at  10  Hz  is  due  to  a  decreased  spot  size 
of  the  1064  nm  beam  caused  by  rod  thermal  focus¬ 
ing. 

Previously,  in  Figure  18,  we  showed  the  measured 
1064  nm  and  532  nm  pulsewidths  as  lamp  energy  is 
varied.  Note  that  the  532  nm  beam  has  a  shorter 
pulsewidth  than  the  1064  nm  beam.  This  is  a  conse¬ 
quence  of  the  nonlinear  conversion  process  where 
the  temporal  pulse  center  converts  efficiency 
whereas  the  wings  have  a  much  lower  conversion 
efficiency.  In  Figures  23  and  24  we  show  near-field 
beam  profile  measurements  of  the  532  nm  beam  for 


Final  Report 

three  different  lamp  pulse  energies  at  1  and  10  Hz, 
respectively.  It  can  be  seen  that  a  smooth  Gaussian- 
like  radial  profile  is  obtained  at  both  repetition  rates. 
Comparison  of  these  beam  profiles  with  the  1064 
nm  profiles  indicates  that  the  532  nm  beam  is  nar¬ 
rower  than  the  1064  nm,  again  because  the  beam 
spatial  wings  do  not  convert  as  efficiently  as  the 
more  intense  center. 

Because  of  the  KTP  crystal  damage,  which  made  it 
unusable,  we  replaced  it  with  a  new  AR  coated 
6x6x6  mm^  KTP  crystal.  In  addition,  we  removed 
the  Galilean  telescope.  Our  1064  nm  output  beam 
just  fit  in  the  6x6  mm^  aperture  at  10  Hz,  whereas  at 
1  Hz  the  crystal  was  overfilled  at  the  higher  pulse 
energies.  Final  demonstration  of  the  system  was 
achieved  with  the  laser  operating  at  10  Hz  and  by 
limiting  the  crystal  input  energy  to  160-170 
mJ/pulse.  Green  output  energy/pulse  was  then  typi¬ 
cally  80  mJ. 


V.  Dye  Laser  Performance 


Stimulated  Brillouin  Scattering  has  important  practi¬ 
cal  implications  since  the  SBS  process  can  be  used 
to  produce  phase  conjugated  beams.  Phase  conjuga¬ 
tion,  first  described  by  Zel’dovich  [4]  is  applicable 
to  a  number  of  problems,  for  example,  propagation 
through  atmospheric  turbulence,  and  beam  clean-up 
through  phase  distorting  gain  media.  Indeed,  SBS 
has  been  used  to  improve  the  beam  quality  of  stimu¬ 
lated  radiation  emanating  from  multipass  amplifiers 
[5-7].  Recently,  SBS  produced  in  an  intracavity  gas¬ 
eous  SF^  cell  in  a  Nd:YAG  laser  was  used  to 
produce  100  mJ  in  a  TEMqq  mode  [8]. 

Tunable  dye  lasers,  while  offering  many  advantages 
such  as  tunable,  high  power  output,  often  produce 
output  beams  that  display  poor  beam  quality.  High 
power  coaxial  flashlamp  systems  are  notorious  for 
this  behavior.  Even  more  sophisticated  dye  systems, 
such  as  excimer  and  Nd:YAG  laser  pumped  dye 
lasers,  often  suffer  from  this  drawback.  In  laser 
pumped  dye  lasers,  the  dye  oscillator  and  amplifier 
are  often  side  pumped.  This  produces  a  non-uniform 
gain  medium,  transverse  index  of  refraction  gradient, 
and  an  associated  high  order  transverse  mode  output 
beam. 

The  major  goal  of  this  program  was  to  determine 
whether  SBS  could  be  used  to  produce  a  dye  laser, 
beam  of  enhanced  beam  quality.  We  also  desired  to 
demonstrate  that  the  final  power  amplifier  of  a  com¬ 
mercial  dye  laser  could  be  used  as  the  SBS  cell  in  a 
compact  configuration.  Here  we  describe  the  results 
of  our  investigations. 


Dye  Laser  Description: _ 

The  dye  laser  that  we  used  as  the  testbed  for  this 
program  was  a  Quantel  model  TDL  50.  This  com¬ 
mercial  unit  consists  of  an  oscillator,  preamplifier, 
and  final  amplifier.  The  oscillator  design  incorpo¬ 
rates  a  grazing  incidence  grating  and  uses  a  Littrow 
mirror  for  wavelength  tuning.  Its  linewidth  is 
approximately  0.1  cm'^  The  preamplifier  is  a  stan¬ 
dard  dye  cuvette  placed  at  Brewster’s  angle.  The 
final  amplifier  is  a  unique  capillary  design  which  re¬ 
duces  amplified  spontaneous  emission  effects  and 
provides  a  more  uniform  gain  medium.  A  block  dia¬ 
gram  of  the  dye  laser  is  shown  in  Figure  25.  This 
laser  offered  several  advantages  for  the  SBS  tests. 
First,  the  oscillator  restricts  the  laser  to  operate  on 
only  two  or  three  longitudinal  modes,  making  it  eas¬ 
ier  to  produce  and  verify  SBS.  Second,  this  laser 
was  designed  to  be  pumped  by  a  Q-switched,  fre¬ 
quency  doubled  Nd:YAG  laser.  Thus  the  optics  were 
compatible  with  both  a  Quantel  Nd:YAG  pump 
source  and  the  LTA  Nd:YAG  laser. 

Our  initial  tests  of  the  dye  laser  at  PSI  indicated  that 
we  could  produce  output  pulse  energies  in  excess  of 
50  mJ  at  a  repetition  rate  of  10  Hz  at  563  nm  when 
pumped  by  our  Quantel  Nd:YAG  laser  system.  We 
utilized  methanol  based  Rhodamine  590  laser  dye 
solutions  as  the  gain  media.  The  pulse  length  was 
approximately  10  nsec.  At  the  completion  of  these 
initial  tests,  we  began  the  SBS  experiments. 

The  first  Brillouin  scattering  studies  were  completed 
using  the  apparatus  shown  in  Figure  26.  The  SBS 
cell  was  a  rectangular  dye  cell  (Lambda  Physik 
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Figure  23.  Nd:YAG  Q-Switched  Doubled  (532  nm)  Laser  Near-Field  ProFdes 
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Figure  24.  Nd:YAG  Q-Switched  Doubled  (532  nm)  Laser  Near-Field  Profiles 
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Figure  25.  Block  Diagram  of  Dye  Laser  Used  for  SBS  Experiments 
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Figure  26.  Dye  Laser  Setup  for  Initial  SBS  Demonstration 
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FL424)  equipped  with  a  flow  circulation  pump.  The 
SBS  mirror  was  created  in  this  dye  cell.  We  com¬ 
pleted  several  series  of  tests  using  this  configuration. 
A  Faraday  optical  isolator  (Optics  for  Research  10- 
5-VrR)  was  used  to  couple  out  the  back  propagating 
SBS  beam.  We  note  that  prior  to  the  arrival  of  the 
optical  isolator  from  the  vendor,  we  used  optical 
flats  at  45°  to  couple  out  some  of  the  SBS  beam. 
Our  first  observations  of  SBS  were  obtained  using  a 
10  cm  focal  length  lens  to  focus  the  dye  beam  into 
the  methanol  cell.  The  first  indications  of  SBS  were 
confirmed  by  the  observation  of  a  backward  propa¬ 
gating  beam  that  was  precisely  collinear  with  the 
initial  dye  beam.  It  propagated  through  every  dye 
laser  optical  component  shown  in  Figure  26  and  was 
eventually  diffracted  off  the  grating  of  the  dye  oscil¬ 
lator.  In  these  initial  tests  prior  to  the  arrival  of  the 
Faraday  rotator,  we  ran  the  SBS  barely  above  thresh¬ 
old  to  avoid  damage  to  the  optical  components  in  the 
dye  oscillator.  While  this  was  not  a  satisfactory  con¬ 
figuration  for  efficiency  measurements,  it  was 
adequate  for  the  spectroscopic  measurements  de¬ 
scribed  below. 

Spectroscopic  Measurements: _ 

In  SBS  the  scattered  wave  is  slightly  red-shifted  by 
the  frequency  of  the  acoustic  wave  that  propagates 
through  the  liquid  medium.  The  frequency  shift"  Av, 
can  be  calculated  from  eqn.  (1)  [9]. 

Av  =  2voVn/c  (1) 

where  Vg  is  the  frequency  of  the  incident  light,  v  is 
the  speed  of  sound  in  liquid  (1.124  m/sec  for  metha¬ 
nol),  n  is  the  liquid  index  of  refraction  (1.326  for 
methanol),  and  c  is  the  speed  of  light. 


For  methanol  this  frequency  shift  is  approximately 
0.176  cm"  for  excitation  at  563  nm.  Expenmental 
observation  of  this  frequency  shift  in  the  scattered 
beam  with  respect  to  the  dye  beam  frequency  was 
used  to  verify  that  the  back-scattered  beam  was  SBS. 

The  apparatus  for  these  spectroscopic  measurements 
is  shown  in  Figure  27.  We  used  a  high  resolution 
Fabry-Perot  (F-P)  interferometer  to  examine  the 
spectral  content  of  both  the  scattered  beam  and  the 
dye  beam.  The  F-P  was  a  Burleigh  model  RC-140 
with  5  cm  diameter  mirrors.  In  order  to  couple  out 
the  back-propagating  SBS  prior  to  the  dye  laser,  we 
used  optical  flats  placed  at  45°  with  respect  to  the 
propagation  direction  of  the  laser  beam.  This  permit¬ 
ted  us  to  examine  both  the  dye  beam  and  the  SBS 
beam.  The  output  beams  were  passed  through  a  dif¬ 
fuser  plate  and  then  collimated  prior  to  entering  the 
F-P.  The  diffuser  plate  removes  the  spatial  coher¬ 
ence  in  the  beam  and  transforms  the  beam  into  an 
extended  source.  The  lens  is  used  to  collimate  the 
light  from  this  extended  source.  After  transmission 
through  the  F-P  the  radiation  is  focused  onto  a  flat 
screen.  The  focusing  lens  is  used  to  form  an  image 
of  the  F-P  interference  pattern  which  consists  of  a 
series  of  concentric  rings  known  as  rings  of  equal 
inclination. 

We  examined  the  spectral  content  of  an  individual 
laser  shot  using  a  PSI  designed  CCD  camera.  We 
have  designed  and  built  several  of  these  cameras  for 
our  flow  diagnostics  programs  for  NASP  and  for 
other  applications.  The  camera  incorporates  a  video 
format,  and  we  can  use  a  PC  for  data  acquisition  and 
subsequent  analysis.  The  camera  has  several  features 
that  make  it  ide^  for  the  present  application.  For  ex¬ 
ample.  it  has  a  calibrated  linear  response  and  can  be 
gated  for  periods  of  less  than  1  |isec.  The  camera 
viewed  the  F-P  pattern  on  the  screen  by  gating  the 
intensifier  on  during  a  laser  pulse.  We  recorded  the 
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spectra  of  individual  pulses  for  both  the  dye  and 
SBS  outputs.  Each  image  was  digitized  and  stored 
for  subsequent  data  analysis. 

A  typical  digitized  interferogram  is  shown  in  Figure 
28.  Pairs  of  rings  are  shown  starling  from  the  central 
spot  of  the  interferogram.  In  Figure  29  we  illustrate 
the  analysis  of  the  interferograms.  A  horizontal  slice 
through  the  data  in  Figure  28  shows  the  intensity 
profile  as  a  function  of  the  pixel  number.  Several 
sets  of  doublets  are  shown  each  containing  both  the 
dye  and  SBS  beam.  The  center  of  the  interferogram 
corresponds  to  pixel  number  350.  The  data  displayed 
in  Figure  29  are  plotted  in  wavenumber  space  in 
Figure  30.  In  Figure  30  we  have  superimposed  the 
data  from  the  several  rings  shown  in  Figure  28.  The 
diminishing  resolution  observed  as  we  progress  to 


rings  further  from  the  center  of  the  pattern  is  typi¬ 
cally  observed  in  F-P  interferometers.  We  observed 
pairs  of  lines  separated  by  0.177  cm'*,  the  shift  ex¬ 
pected  for  SBS  scattering  in  methanol.  These  high 
resolution  spectroscopic  examinations  confirmed  that 
we  were  producing  SBS  radiation. 

The  F-P  also  allowed  us  to  investigate  the  longitudi¬ 
nal  mode  structure  of  the  dye  laser  beam.  We 
usually  observed  one  or  two  modes  simultaneously 
lasing.  An  example  of  an  interferometric  spectrum 
showing  three  modes  lasing  is  shown  in  Figure  31. 
The  axial  mode  spacing  was  measured  from  the  in¬ 
terferogram  to  be  approximately  0.064  cm'*.  This  is 
consistent  with  the  cavity  length  of  the  dye  laser  os¬ 
cillator. 


Figure  28.  Fabry-Perot  Interferogram  Obtained  Using  CCD  Camera 


Single  Shot  Images  of  Both  the  Dye  Beam  and  the  SBS  Beam  are  Shown 
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Figure  31.  Interferogram  Showing  the 
Dye  Laser  Running  in  at  Least  3  Axial  Modes 


The  Mode  Spacing  is  Indicated 


Frequency  (cm-i) 


Dye  Laser  Experiments: _ 

The  next  set  of  measurements  was  concerned  with 
the  efficiency  of  the  SBS  mirror.  We  installed  the 
optical  isolator  (Faraday  rotator  and  two  Glan-Taylor 
prisms)  as  shown  earlier  in  Figure  26.  This  isolated 
the  dye  oscillator  with  its  very  sensitive  optical  com¬ 
ponents  from  the  SBS  back  propagating  beam.  The 
operation  of  the  optical  isolator  is  as  follows.  The 
vertically  polarized  dye  laser  beam  is  transmitted 
through  the  first  glan-Taylor  prism  (GPl  in  Figure 
26).  The  polarization  vector  is  then  rotated  45°  by 
the  Faraday  rotator.  The  GP2  prism  is  configured  to 
pass  this  polarization  rotated  beam.  Upon  reflection 
from  SBS  mirror,  the  SBS  beam  passes  through  GP2 
and  is  rotated  an  additional  45°  by  the  Faraday  rota¬ 
tor.  At  this  point  the  polarization  of  SBS  beam  is 
horizontal  and  is  outcoupled  by  the  GPl.  With  this 
protection  the  dye  laser  could  be  run  at  higher  power . 
levels.  We  examined  several  configurations  similar 
to  that  shown  in  Figure  26  with  the  SBS  cell  exter¬ 
nal  to  the  dye  laser.  We  observed  that  SBS  in 
methanol  was  produced  for  dye  laser  pulse  energies 
as  low  as  2  mJ.  Indeed,  we  were  able  to  produce  an 
SBS  beam  without  pumping  the  final  dye  amplifier. 


When  dye  was  added  to  the  methanol  solution  the 
SBS  output  was  diminished  by  approximately  25%. 
However,  this  result  should  be  considered  prelimi¬ 
nary  since  a  systematic  study  of  source  of  the 
diminution  was  beyond  the  scope  of  the  program. 
One  possible  explanation  for  the  reduction  is  absorp¬ 
tion  (albeit  small)  at  the  SBS  wavelength  by  the 
R-590  dye  in  the  SBS  mirror  cell. 

We  also  tested  a  configuration  that  routed  some  of 
the  green  pump  light  outside  the  dye  laser  to  excite 
the  SBS  cell.  The  output  from  the  dye  laser  oscilla¬ 
tor  and  preamplifier  was  amplified  in  this  external 
cell  and  then  focused  back  into  the  cell  with  a  con¬ 
cave  mirror.  The  SBS  beam  returned  from  the  final 
amplifier  cell  and  passed  back  through  the  amplifier 
once  again  prior  to  being  outcoupled  by  the  Faraday 
optical  isolator.  We  learned  from  this  external  con¬ 
figuration  one  should  avoid  generating  SBS  in  a 
volume  of  high  optical  gain.  Any  leakage  of  the  dye 
beam  through  the  SBS  gain  volume  is  amplified  and 
produces  a  high  power  filamentary  beam  that  dam¬ 
ages  the  cell  walls.  Focusing  the  dye  beam  in  the 
gain  volume  also  produced  significant  amplified 
spontaneous  emission  (ASE).  It  was  clear  that  these 
problems  could  be  eliminated  if  the  SBS  volume  and 
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the  amplification  volume  were  physically  separated. 
Since  one  of  our  major  program  goals  was  to  con¬ 
struct  a  cell  that  served  as  both  the  final  dye 
amplifier  and  SBS  mirror,  we  arrived  at  the  design 
shown  in  Figure  32.  The  original  Quantel  dye  laser 
amplifier  was  removed  and  replaced  with  the  rectan¬ 
gular  ceil  (Lambda  Physik)  described  earlier.  The 
rectangular  cell  was  large  enough  to  allow  us  to  fold 
and  focus  the  dye  beam  back  into  the  amplifier  cell. 
In  addition,  the  Lambda  Physik  cell  contains  a  metal 
shield  that  divides  the  cell  into  two  halves.  The  532 
nm  pump  beam  enters  the  front  half,  the  final  ampli¬ 
fier  volume.  The  metal  barrier  blocks  the  532  nm 
pump  radiation  from  entering  rear  half  of  the  cell, 
and  in  this  region  the  dye  solution  is  not  optically 
excited  by  the  pump  radiation.  The  metal  shield  also 
allows  the  dye  to  circulate  through  both  sides. 
Hence,  the  gain  and  the  SBS  volumes  are  easily  sep¬ 
arated  from  one  another  in  a  co-planar,  folded 
geometry'. 

As  indicated  in  Figure  32,  we  used  a  7.5  cm  focal 
length  mirror  to  focus  the  beam  exiting  the  final  am¬ 
plifier  back  into  the  “cold”  side  of  the  amplifier  cell 
to  establish  the  SBS  mirror.  We  note  that  these  mod¬ 
ifications  were  necessary  since  the  capillary  tube 
final  amplifier  that  the  Quantel  dye  laser  normally 
uses  was  not  suitable  for  this  purpose.  The  standard 
Quantel  final  amplifier  diameter  is  only  5  mm  and  is 
side  pumped  by  the  532  nm  Nd:YAG  laser.  Conse¬ 
quently  the  entire  volume  of  the  cell  was  excited  by 
the  pump  radiation  and  there  were  no  unexcited  or 
cold  regions  in  the  cell.  When  we  attempted  to  focus 
the  dye  beam  back  into  this  amplifier,  the  optical 
gain  in  the  tube  caused  strong,  and  uncontrollable 
amplified  spontaneous  emission  (ASE).  This  can 
cause  optical  damage  to  the  cell  walls.  Although 
programmatic  constraints  prevented  a  more  thorough 
investigation,  we  concluded  that  if  one  uses  the  final 
amplifier  cell  for  both  a  normal  amplifier  and  the 
SBS  mirror,  then  the  volume  to  be  used  for  SBS 
must  be  isolated  from  optical  excitation  by  the  pump 
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radiation.  Design  of  this  final  cell  to  optimize  SBS 
and  dye  powers  are  suggested  as  a  critical  area  for 
future  study. 

We  performed  numerous  tests  designed  to  determine 
the  efficiency  of  the  SBS  generation.  These  tests 
were  completed  by  measuring  both  the  dye  and  SBS 
beam  energies  using  the  configuration  shown  in  Fig¬ 
ure  33.  Note  that  the  dye  beam  was  measured  after 
one  pass  through  the  power  amplifier,  while  the  SBS 
made  an  additional  pass  through  the  amplifier.  We 
attempted  to  construct  an  analogous  two-pass  ampli¬ 
fier  for  the  dye  beam.  The  concave  mirror  used  to 
focus  the  dye  laser  for  SBS  generation  was  replaced 
by  a  flat  mirror  that  reflected  the  dye  beam  back 
through  the  amplifier.  This  would  have  allowed  di¬ 
rect  comparison  of  SBS  and  two-pass  dye  beam 
energies,  from  which  the  SBS  mirror  efficiency 
could  be  determined.  We  found  that  this  was  a  com¬ 
plicated  procedure  that  produced  unreliable  results 
because  it  was  extremely  difficult  to  align  the  re¬ 
flected  dye  beam  back  through  the  optical  isolator. 
For  this  first  set  of  measurements,  we  dismissed  this 
approach  and  compared  SBS  pulse  energies  that 
made  a  second  traversal  of  the  gain  medium  to  dye 
energies  that  made  only  a  single  pass  through  the 
amplifier. 

In  separate  experiments,  we  measured  the  energy  of 
the  two  beams  as  a  function  of  the  energy  of  the 
Nd:YAG  pump  beam.  The  energy/pulse  was  mea¬ 
sured  using  a  Scientech  power/energy  meter  model 
372.  A  plot  of  the  SBS  energy/pulse  as  a  function  of 
measured  dye  laser  energy/pulse  is  shown  in  Figure 
34.  An  SBS  energy/pulse  of  23  mJ  was  demon¬ 
strated. 

During  the  power  extraction  experiments  we  ob¬ 
served  what  appears  to  be  optical  activity  in  the  dye 
amplifier/SBS  cell.  Recall  that  we  used  a  Faraday 
rotator  sandwiched  between  two  glan-Taylor  prisms 
as  an  optical  isolator.  As  discussed  earlier,  in  its  nor¬ 
mal  operating  configuration,  the  first  glan-Taylor 


Figure  33.  Experimental  Configuration  for 
SBS  and  Dye  Laser  Efficiency  Measurements 
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Figure  34.  SBS  Energy  vs.  Dye  Laser  Energy 


Dye  Laser  Energy/Pulse  (mj) 


prism  (GPl)  passes  the  vertical  polarization  vector 
of  the  incident  dye  beam.  The  polarization  is  then 
rotated  45°  by  the  Faraday  rotator  and  the  second 
glan-Taylor  prism  (GP2)  is  rotated  to  transmit  this 
radiation.  This  beam  then  makes  two  traversals 
through  the  amplifier/SBS  cell,  and  then  passes  back 
through  the  optical  isolator.  We  expected  that  this 
counter  propagating  beam  should  be  transmitted  by 
the  first  glan-Taylor  prism  it  encounters  (GP2)  then 
be  rotated  an  additional  45°  by  the  Faraday  rotator, 
and  finally  be  reflected  out  by  the  final  glan-Taylor 
prism  it  encounters  (GPl)  since  the  polarization  of 
the  counter  propagating  beam  is  perpendicular  to  the 
polarization  of  the  initial  dye  beam.  However,  we 
observed  a  significant  fraction  of  the  SBS  beam  was 
outcoupled  by  the  glan-Taylor  prism  closest  to  the 
dye  cell  (see  Figure  32)  thus  reducing  the  effective 
efficiency  for  the  SBS  process.  This  can  only  occur 
if  the  dye  amplifier  is  an  optically  active  (causes  a 
rotation  of  the  polarization  vector  of  the  dye  beam). 
We  surmise  that  the  dye  medium  is  being  polarized' 
by  the  strong  532  nm  pump  beam.  Note  that  a  45° 
angle  exists  between  the  polarization  of  the  532  nm 
pump  beam  and  that  of  the  dye  beam  (as  it  enters 
the  amplifier  cell).  If  the  532  nm  pump  induces  a 
polarization,  some  optical  activity  might  be  ex¬ 


pected.  More  work  to  better  understand  this  phenom¬ 
enon  is  required. 

We  conducted  several  tests  to  compare  the  beam 
quality  of  the  conventional  dye  laser  output  to  that 
of  the  SBS  dye  laser.  In  practice,  there  are  two 
methods  for  examining  the  far-field  beam  profile. 
One  can  use  a  high  quality  lens  to  focus  the  laser 
beam.  At  the  focus  the  beam  is  transformed  into  the 
far-field  limit.  While  this  is  a  convenient  method  to 
assure  that  the  far-field  profile  has  been  attained,  the 
geometrical  size  of  the  focused  spot  would  have 
been  too  small.  We  would  not  have  been  able  to 
illuminate  a  sufficient  number  of  pixels  on  the  CCD 
camera  and  this  would  have  resulted  in  poor  spab'al 
resolution. 

The  alternate  method  is  to  allow  the  beam  to  propa¬ 
gate  a  distance  sufficient  to  transform  into  the 
far-field.  A  larger  beam  profile  results  since  the 
beam  is  not  focused.  This  is  the  approach  that  we 
used  for  the  beam  profile  measurements.  The  set  up 
for  these  propagation  tests  is  indicated  in  Figure  35. 
Both  outputs  from  the  dye  laser  (dye  beam  and  SBS 
beam)  were  propagated  57  m  using  a  series  of 
prisms  and  mirrors.  At  the  end  of  the  propagation 
length,  the  beams  were  incident  on  a  white  screen. 
The  beams  could  be  readily  examined  visually  on  a 
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single-shot  basis.  Typically  the  spot  diameter  was 
about  2  cm  on  the  screen. 

We  recorded  single  shot  images  of  the  beam  profiles 
on  the  screen  using  a  intensified  CCD  camera.  Typi¬ 
cal  images  for  both  the  dye  beam  and  the  SBS  beam 
are  shown  in  Figures  36  and  37,  respectively.  A 
look-up  table  for  the  false  color  encoding  is  indi¬ 
cated  in  each  figure.  The  26  colors  each  cover  10 
A/D  levels.  Consequently,  the  full  dynamic  range  in 
any  one  figure  is  approximately  250.  The  SBS  image 
contains  circular  bright  region,  which  we  observed 
in  all  the  SBS  images  that  we  recorded. 

In  contrast,  the  beam  profile  images  for  the  dye  laser 
output  were  highly  aspherical  as  indicated  in  Figure 
37.  Investigation  of  the  details  concerning  why  the 
dye  beam  appeared  this  way  was  beyond  the  scope 
of  our  program.  We  feel  confident  that  a  major  con¬ 
tributor  is  the  side  pumped  geometry  of  the  dye  laser 
preamplifier  and  final  amplifier  resulting  in  a  highly 
nonuniform  gain  profile  and  a  thermally  induced 
wedge.  In  the  modification  of  the  Quantel  dye  laser, 
we  used  a  rectangular  final  amplifier  that  was  side 
pumped  by  the  Nd:YAG  laser.  In  this  configuration 
the  Nd:YAG  laser  beam  is  formed  into  a  sheet  using 
cylindrical  optics.  The  dye  mixture  in  the  final  am¬ 
plifier  absorbs  the  dye  beam  in  only  a  few 
millimeters.  This  gives  rise  to  a  non-uniform  gain 
profile  with  the  gain  highest  at  the  edge  of  the  dye 
cell.  The  dye  preamplifier  has  a  similar  profile. 
Often  in  dye  lasers  this  results  in  a  triangular  beam 
profile.  Notable  examples  are  excimer  and  Nd:YAG 


pumped  systems.  To  enhance  the  beam  quality  some 
dye  laser  manufacturers  use  side  pumped,  thin  cylin¬ 
drical  final  amplifiers  or  pump  the  final  amplifier 
longitudinally.  As  we  discussed  above,  these  options 
were  not  feasible  with  the  dye  system  that  was  avail¬ 
able  for  this  effort. 

The  digitized  images  such  as  shown  in  Figures  36 
and  37  were  analyzed  to  obtain  the  intensity  profiles 
by  examining  cuts  through  the  centers  of  the  images. 
In  Figures  38  through  41  we  show  examples  for  hor¬ 
izontal  and  vertical  cuts  through  the  images  in 
Figures  36  and  37.  The  beam  profile  of  the  SBS 
beam  is  clearly  superior.  Inspection  of  Figures  38 
and  39  reveals  that  the  average  divergence  for  the 
SBS  beam  in  the  horizontal  and  vertical  planar  is 
255  pxad.  The  diffraction  limit  is  defined  as  1.22  X/d 
where  X  is  the  wavelength  (563  nm)  and  d  is  the 
diameter  of  the  final  aperture  at  the  SBS  output 
(4  mm).  The  diffraction  limit  is  thus  171  |irad,  and 
the  SBS  beam  divergence  is  -1.5  times  this  value. 
The  SBS  beam  is  close  to  diffraction  limited,  and 
can  therefore  be  focused  to  a  small  size  with  an 
excellent  intensity  profile.  One  of  the  important 
implications  of  this  work  is  that  non-linear  frequency 
conversion  such  as  doubling,  tripling,  or  parametric 
oscillation  could  be  more  efficiently  performed  than 
in  non-phase-conjugated  systems. 

Finally,  in  Figures  42  and  43  we  display  3-dimen¬ 
sional  plots  of  the  far-field  beam  profiles  presented 
in  Figures  36  and  37.  The  dramatic  improvements  in 
the  SBS  beam  are  obvious. 
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We  also  monitored  the  long-term  stability  of  the 
dye/SBS  laser  output.  A  single  dye  charge  was  used 
for  both  the  oscillator/preamplifier  and  power  ampli¬ 
fier  dye  solutions.  The  oscillator/preamplifier 
Rhodamine  590  dye  solution  concentration  was 
2.5x10"^  moles/liter.  The  power  amplifier  Rhoda¬ 
mine  590  dye  solution  concentration  was  1.5x10'^ 
moles/liter  These  solutions  were  pumped  by  approx¬ 
imately  10^,  400  mJ,  532  nm  laser  shots  at  a  10  Hz 
repetition  rate  over  a  six  month  period  of  time.  We 
observed  no  loss  of  energy  or  conversion  efficiency 
due  to  focusing  the  dye  laser  output  into  the  power 
amplifier  for  SBS  mirror  creation  over  this  time 
period.  The  laser  dye  solutions  maintained  a  constant 
color  and  displayed  no  signs  of  degradation;  spectral 
confirmation  was  not  performed  due  to  the  fact  that' 
the  laser  output  was  consistent.  This  indicates  that 
the  SBS  medium  lifetime  was  not  degraded  over  the 
time  frame  and  energy  deposition  rate  tested  in  this 
program. 


Dye  Laser  Demonstrations: _ 

The  entire  laser  system  was  first  demonstrated  in  late 
May  1992.  Due  to  other  programmatic  obligations 
for  the  dye  laser,  the  laser  was  returned  to  PSI  and 
subsequently  returned  to  LTA  for  the  second  and 
final  demonstration  that  took  place  in  October  1992. 
In  each  of  the  two  demonstration  series,  the  SBS/dye 
laser  was  mated  to  the  LTA  frequency  doubled 
NdtYAG  laser  and  a  series  of  demonstration  tests 
were  performed  for  Dr.  Carol  Pearce,  the  Army 
technical  monitor.  These  tests  included  efficiency 
measurements,  wavelength  tuning  of  the  SBS/dye 
laser,  and  some  beam  quality  measurements. 

During  the  May  1992  demonstration  the  pulse 
energy  of  the  green  pump  laser  was  60  mJ  at  10  Hz 
repetition  rate.  A  block  diagram  for  the  experimental 
arrangement  is  given  in  Figure  44.  In  Figure  45  we 
present  plots  for  both  the  dye  laser  energy  and  SBS 
energy  as  a  function  of  the  wavelength  of  the  dye 
laser.  Two  runs  for  the  SBS  are  indicated.  At  most 
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'igure  37.  Photograph  of  Single  Shot  Digitized  Image  of  Dye  Beam  in  Far-Fieid 


wavelengths  the  dye  SBS  output  energy  was 
betw'een  40  and  609?,  of  that  for  the  dye.  consistent 
wii.'i  the  earlier  tests  at  PSI.  Vr'e  again  note  that  for 
these  measurements  the  dye  beam  made  only  one 
pass  through  the  dye  cell  w’hile  the  SBS  beam  made 
a  second  pass. 

We  also  demonstrated  improvements  in  the  beam 
qualii)'  of  the  SBS  beam  \'Ci  ,u.s  the  dye  beam.  Bum 
patterns  of  both  beams  w'cre  provided  l;>  Dr.  Carol 
Pearce.  The  areas  of  the  SBS  bums  were  several 
times  smaller  than  those  for  the  dye  beam.  Since 
thc.se  bum  patterns  were  not  obtained  in  the  far-field, 
the}'  are  not  as  relevant  as  the  data  presented  in 
Figures  36  and  37.  A  more  complete  set  of  beam 
diagnostics  in  the  far-ficid  wa.s  recorded  during  the 
October  1992  demonstration.  These  data  are  pre¬ 
sented  below'. 

During  the  second  demonstration  of  ttie  PSI 
SBS/Dye  laser  that  was  pumped  by  the  LTA  Phase 
II  Nd:YAG  laser,  a  scries  of  experiments  wa.s  under¬ 
taken  to  record  pump  la.ser  energies,  dye  la.ser  and 


SBS  dye  laser  energies,  efficiencies,  far-field  beam 
quality,  laser  beam  jitter  and  laser  pulse  temporal 
profiles.  The  far-ficld  beam  qualit}'  and  beam  Jitlcr 
measurements  were  recorded  during  the  laser  dem¬ 
onstration  for  Dr.  Carol  Pearce,  the  Army  technical 
monitor. 

The  energy  measurements  recorded  are  presented  in 
Table  1  and  provide  information  on  the  532  nm 
pump  beam  energy  distribution  w'ithin  the  dye/SBS 
laser  and  the  dye  and  SBS  laser  output  energies. 
Note  that  the  pumping  losses  in  this  commercial  dye 
laser  are  rather  large,  and  that  an  immediate  129? 
increase  in  laser  efficiency  could  be  achieved  by 
using  AR-coated  optics  (532  nm).  The  overall  dye 
laser  energy  efficiency  of  5.1%  with  SBS  is  also 
low',  however  this  is  again  attributable  to  the  use  of 
the  loss}'  unoptimized  commercial  dye  laser.  The 
elimination  of  uncoated  optic.''  and  the  preamplifier, 
and  further  optimization  will  increase  efficiency  to 
30-35%  for  narrowband  operation  with  SBS. 
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Figure  38.  Horizontal  Slice  Through  SBS  Beam  Image  from  Figure  36 
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Figure  39.  Vertical  Slice  Through  SBS  Beam  Image  from  Figure  36 
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Figure  40.  Horizontal  Slice  Through  Dye  Beam  Image  from  Figure  37 
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Figure  42.  Far-Field  Profile  of  SBS  Beam  Obtained  from  Figure  36 
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Figure  44.  Block  Diagram  for  Initial  Tests  Performed  at  LTA 


Dye 


+8  m  Polarizers  —6.9  m  Dichroic 

HR  Mirror 


Figure  45.  SBS  and  Dye  Laser  Energy  vs.  Dye  Wavelength 

Constant  Pump  Energy  (532  nm)  of  60  mJ/Pulse  at  10  Hz 


The  dye  laser  output  energy  after  the  first  pass  of  the 
power  amplifier  was  9.5  mJ/pulse.  The  double-pass 
amplifier  energies  were  recorded  under  two  different 
configurations.  In  the  first  configuration  a  flat  mirror 
was  positioned  after  the  amplification.  The  beam 
was  outcoupled  via  the  optical  isolator.  This  config¬ 
uration  resulted  in  10.2  mJ/pulse  of  output  energy. 
Thus,  the  second  pass  of  the  power  amplifier 
resulted  in  only  a  7%  rise  in  the  output  energy 
implying  that  more  than  90%  of  the  energy  available 
was  swept  out  on  the  first  pass  through  the  amplifier. 
In  the  second  configuration  the  single  pass  dye  laser 
beam  was  focused  by  a  concave  mirror  into  the 
“cold”  region  of  the  power  amplifier.  The  resulting 
SBS  beam  reflected  off  of  the  focusing  mirror  and 


back  through  the  power  amplifier.  Once  again  the 
SBS  beam  was  outcoupled  via  the  optical  isolator. 
This  configuration  resulted  in  4.1  mJ/pulse  of  output 
energy.  Thus  the  SBS  mirror  efficiency  was  approxi¬ 
mately  40%.  It  should  be  emphasized  that  the  SBS 
efficiency  was  in  fact  closer  to  50%  due  to  the  opti¬ 
cal  losses  in  the  system.  These  could  be  eliminated 
by  using  coated  rather  than  the  uncoated  optics  used 
in  our  experiments. 

During  an  additional  set  of  experiments,  an  optical 
quartz  flat  was  placed  at  45°  between  the  final 
power  amplifier  and  the  SBS  focusing  mirror.  This 
setup  allowed  us  to  directly  measure  the  reflectivity 
of  the  SBS  mirror  created  in  the  dye  cell  by  compar¬ 
ing  the  focused  and  reflected  beam  energies.  We 
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Table  1.  Phase-Conjugated  Dye 
Laser  Energy  Partition 


Pump  Laser  (532  nm) 

At  Input  (10  Hz); 

80  mJ 

At  Oscillator 

6.25  mJ 

At  Preamplifier:6. 

6.25  mJ 

At  Double-Passed 

Amplifier: 

58  mJ 

Loss  in  Optics: 

9.5  mJ 

Dye  Laser  (570  nm) 

Oscillator  Output; 

0.2  mJ 

Preamplifier  Output: 

0.75  mJ 

Double-Passed  Amplifier  (570  nm) 

First  Pass: 

9.5  mJ 

Second  Pass: 

Flat  Mirror: 

10.2  mJ 

SBS  mirror  (Phase- 
Conjugated); 

4.1  mJ 

40%  SBS  Efficiency 

recorded  a  mirror  efficiency  of  30%  ±10%.  These 
mc.rsurements  are  more  difficult  to  record  than  the 
previously  described  efficiency  measurements  due  to 
the  low  energy  levels  reflected  by  the  45°  quartz 
flat.  We  believe  this  measurement  is  consistent  with 
our  previous  determination  of  a  40%  SBS  mirror 
efficiency. 

We  note  that  both  of  the  efficiency  measurements 
recorded  during  the  second  SBS  laser  demonstration 


arc  lower  than  the  measurements  recorded  during  the 
first  laser  demonstration.  This  difference  is  due  to 
the  double  pass  amplification  of  the  dye  laser  beam 
during  the  second  set  of  measurements  as  opposed  to 
the  single  pass  measurements  of  the  first  demonstra¬ 
tion. 

In  Figure  46  we  show  the  dye  laser  output  temporal 
pulse  shape  for  a  single  pass  of  the  final  dye  ampli¬ 
fier,  a  double  pass  with  retro  mirror,  and  double 
passed  with  SBS.  As  expected,  the  single  and  double 
passed  with  ordinary  mirror  have  about  the  same 
pulsewidth  (10.00  and  10.94  nsec  FWHM,  respec¬ 
tively),  due  to  the  fact  that  most  amplification  takes 
place  on  the  first  pass.  The  SBS  pulsewidth  how¬ 
ever,  is  significantly  less  (8.40  nsec  FWHM), 
primarily  due  to  the  characteristically  sharper  rising 
leading  edge  and  pulse  compression  associated  with 
the  nonlinear  SBS  process. 

Also,  during  the  final  demonstration,  we  measured 
the  dye  laser  output  beam  quality,  beam  jitter,  and 
pulse  width.  In  Table  2  we  show  the  beam  quality 
measurements  for  the  dye  laser  with  the  final  ampli¬ 
fier  double-passed  with  an  ordinary  (retro)  and  a 
phase-conjugate  (SBS)  mirror.  It  can  be  seem  that, 
in  the  horizontal  direction,  the  beam-quality  im¬ 
proved  from  5.55  to  2.25  mm-mrad.  and  in  the 
vertical  axis,  from  2.17  to  1.80  mm-mrad.  Note  that 
the  larger  improvement  is  found  in  the  horizontal 
axis  where  non-uniform  transverse  pumping  is  oper¬ 
ative  which  will  degrade  beam  quality. 

To  make  the  beam  quality  measurements,  we  propa¬ 
gated  the  dye  output  beam  a  distance  of  7.34  m 
(from  the  minimum  waist)  and,  using  our  video  im¬ 
aging  equipment,  took  a  number  of  shots  (four  each 
with  the  retro  and  SBS  mirrors)  of  the  propagated 
beam.  By  calibrating  the  camera  spatially  (pixels  per 
millimeter),  we  calculated  the  1/e^  widths  of  the 
beam  in  the  horizontal  and  vertical  axes.  We  found 
(and  measured)  the  (minimum)  waist  of  the  propa- 


Figure  46.  SBS  and  Dye  Laser  Beam  Temporal  Pulse  Shapes 
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Table  2.  Dye  Laser  Beam  Improvements  with  SBS 


Retro  Mirror 

SBS  Mirror 

Units 

Beam  Quality: 

Horizontal  Axis 

5.55 

2.25 

mm-mrad 

Vertical  Axis 

2.17 

1.80 

mm-mrad 

Ouqiut  Pulse  Energy 

10.2 

4.1 

mJ 

Pulsewidth 

10.94 

8.40 

nsec 

Peak  Power 

932.4 

488.1 

kW 

Peak  Brightness 

6.08 

9.47 

xlo'^wW-Sr 

Beam  Jitter  (Standard  Deviation): 

Horizontal  Axis 

617 

167 

|irad 

Vertical  Axis 

225 

170 

prad 

gated  beam  using  bum  paper.  By  knowing  these  two 
sets  of  data,  we  calculated  the  beam  divergence  and, 
thus,  beam  quality.  The  beam  quality  data  in  Table  2 
is  the  average  for  the  four  sets  of  shots  for  both  mir¬ 
ror  cases.  In  Figure  47  we  show  an  example  of  the 
beam  profiles  of  the  dye  laser  output  beam  with  the 
retro  mirror  and  SBS.  It  is  significant  to  note  the  sin¬ 
gle  peak  found  with  the  SBS  beam  and  multiple 
(spread  out)  peaks  with  the  retro  mirror. 

Further  on  in  Table  2,  we  show  the  calculated  beam 
brightness  for  the  retro  and  SBS  mirror  cases.  Beam 
brightness  is  a  very  important  parameter  for  calculat¬ 
ing  beam  propagation  and  expected  intensity  on  a 
target.  It  incorporates  both  the  beam  power  and 
beam  quality  into  a  single  quantity.  Peak  beam 
brightness,  Bpj^,  is  defined  as 


where  BQj^  and  BQy  are  the  horizontal  and  vertical 
beam  quality  values  (in  mm-mrad),  respectively,  and 
Ppv-  is  the  peak  power  (W).  Bp^  is  in  the  units 
W/cm -Sr.  The  constant  term  in  eqn.  (2)  accounts 
for  the  conversion  of  (mm-mrad)^  to  cm -Sr. 

Note  that  even  though  the  pulse  energy  for  the  SBS 
mirror  is  only  40%  of  that  with  the  retro  mirror,  the 
brightness  is  56%  greater  with  SBS.  This  result  is 
mostly  due  to  the  improved  beam  quality  produced 
with  SBS  in  addition  to  some  pulse  compression 
also  produced  with  SBS.  A  beam  with  higher  bright¬ 


ness  will  generate  higher  intensity  on  target.  This 
shows  quite  evidently  the  importance  of  the  use  of 
the  SBS  mirror  in  overall  system  performance. 

In  Figure  48  we  show  the  measured  beam  angular 
jitter  in  both  the  vertical  and  horizontal  direction. 
ITie  standard  deviation  of  the  data  is  also  drawn  for 
comparison.  (These  are  also  tabulated  in  Table  2.) 
Beam  jitter  was  measured  in  a  similar  method  as 
beam  quality  by  imaging  the  dye  and  SBS  beams  at 
a  distance  from  the  final  laser  output  mirror.  We 
again  processed  the  images  (8  each  for  the  retro  and 
SBS  mirror  cases)  with  our  video  processing  soft¬ 
ware  to  determine  the  centroid  of  the  beam  for  each 
case.  By  calibrating  the  camera  spatially,  we  deter¬ 
mined  an  average  spatial  position  and  (lateral) 
distance  from  that  position  or  spatial  jitter.  This  was 
converted  to  angular  jitter  by  simply  dividing  by  the 
range  to  the  image  target.  The  decrease  of  beam  jit¬ 
ter  with  SBS,  from  617  to  225  pxad  in  the  horizontal 
direction,  is  dramatic.  No  improvement  is  seen  in  the 
vertical  direction,  as  expected.  Beam  jitter  is  import¬ 
ant  in  determining  intensity  on  target.  Jitter 
effectively  smears  out  the  beam  from  shot  to  shot 
thus  reducing  beam  intensity  on  target. 

During  this  final  demonstration,  the  repetition  rate  of 
the  532  nm  pump  laser  was  increased  from  10-18 
Hz,  limited  only  by  the  laser  power  supply.  Approxi¬ 
mately  65  mJ  of  532  nm  light  was  used  to  pump  the 
dye  laser.  No  deterioration  in  the  SBS  output  nor 
beam  quality  was  detected. 
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Figure  48.  Scatter  Plot  of  Dye  and  SBS  Laser  Beam  Center  Points 


VI.  Summary  and  Recommendations  for  Phase  III 


The  work  performed  in  this  contract  has  proven  the 
viability  of  an  SBS  dye  laser  in  a  commercial  plat¬ 
form  capable  of  producing  near  diffraction  limited 
beam  quality  in  the  far-field.  We  believe  this  is  an 
important  demonstration  with  positive  implications 
for  Army  missions  and  commercial  development.  By 
incorporating  the  SBS  in  the  final  double  pass 
amplifier,  we  were  able  to  increase  beam  brightness 
by  almost  60%  over  the  use  of  an  ordinary  retro  mir¬ 
ror.  This  increase  in  beam  brightness  is  despite  a 
decrease  in  energy  efficiency.  The  loss  in  energy 
efficiency  is  more  than  made  up  in  the  improved 
beam  quality  produced  by  using  SBS.  It  should  be 
noted  that  we  were  only  able  to  achieve  40-50% 
reflectivity  from  the  SBS  mirror,  reflectivities  as 
high  as  80%  have  been  demonstrated  indicating  that 
a  further  increase  in  beam  brightness  is  possible.  The 
SBS  process  also  decreased  beam  jitter  by  a  factor 
of  2.74.  Beam  jitter  results  in  an  effectively  larger 
propagated  spot.  The  combined  increase  in  beam 
brightness  and  decrease  in  jitter  result  in  signifi¬ 
cantly  higher  performance  for  the  SBS  dye  laser 
system. 

However,  the  scope  of  this  program  did  not  allow 
investigation  of  a  number  of  scientific  issues  which 
arose  during  these  demonstrations.  The  overall  effi¬ 
ciency  of  the  dye  laser  and  the  SBS  efficiency  were 
relatively  low.  In  the  following  we  address  these 
issues  and  describe  potential  solutions  which  would 
result  in  a  higher  efficiency  SBS  dye  laser. 

The  commercial  dye  laser  platform  which  was 
reconfigured  into  the  SBS/dye  laser  was  a  high-reso¬ 
lution  spectroscopic  instrument.  The  Quantel 
TDL-50  produces  a  narrow  frequency  bandwidth 
laser  beam  with  excellent  beam  quality  in  the  near¬ 
field.  These  two  spectroscopic  attributes  are 


achieved  at  the  expense  of  high  conversion  effi¬ 
ciency.  For  example,  due  to  a  beam  expanding 
telescope,  less  than  50%  of  the  dye  laser  oscillator 
beam  traverses  the  preamplifier  cell.  Similarly, 
approximately  50%  of  the  amplified  portion  of  the 
oscillator  beam  which  exits  the  preamplifier  cell 
overfills  the  final  power  amplifier.  These  seemingly 
inefficient  configurations  are  used  to  improve  beam 
quality.  The  typical  output  of  the  TDL-50  running 
on  Rhodamine  590  laser  dye,  pumped  by  500  mJ  of 
532  nm  radiation  is  100  mJ.  This  translates  into  only 
a  20%  conversion  efficiency. 

Due  to  the  need  to  protect  the  dye  laser  oscillator 
from  the  SBS  laser  beam,  the  optical  isolator  was 
added  to  the  dye  laser  prior  to  the  final  amplifier. 
The  clear  aperture  of  the  isolator  was  only  4  mm, 
resulting  in  an  80%  reduction  in  transmission  of  the 
oscillator/preamplifier  laser  beam.  The  second 
change  to  the  original  dye  laser  design  involved  the 
replacement  of  the  capillary  power  amplifier  dye  cell 
with  a  rectangular  dye  cell  as  described  above.  This 
resulted  in  two  effects;  less  efficient  amplification 
and  degraded  beam  quality.  The  combination  of 
these  two  significant  modifications  to  the  dye  laser 
resulted  in  a  12%  overall  conversion  efficiency  for 
the  single  pass  amplifier  dye  laser.  These  two 
changes  were  critical  to  the  successful  demonstration 
of  the  SBS  dye  laser,  but  were  not  designed  for  opti¬ 
mum  conversion  efficiency  since  we  were 
constrained  to  work  with  the  available  commercial 
Quantel  dye  laser. 

Significant  improvements  in  the  performance  and 
efficiency  of  the  dye  laser  can  be  made  with  further 
work.  Improvements  can  be  made  in  the  efficiency 
of  the  SBS  mirror.  Several  factors  contributed  to  a 
less  than  maximum  efficiency  in  the  reflectivity  of 
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the  SBS  mirror.  First,  as  described  earlier,  we 
observed  that  the  presence  of  la.scr  dye  in  the  metha¬ 
nol  resulted  in  lower  mirror  efficiency.  A  lower  dye 
concentration  in  the  amplificr/SBS  cell  may  have 
resulted  in  both  improved  dye  laser  beam  quality 
and  potentially  higher  SBS  mirror  efficiency.  The 
scope  of  our  effort  did  not  allow  a  parametric  exami¬ 
nation  of  SBS  efficiency  versus  dye  concentration. 
The  second  factor  which  limited  the  SBS  mirror  effi¬ 
ciency  stemmed  from  difficulties  in  focusing  the  dye 
laser  beam  into  the  flowing  dye  cuvette.  We 
observed  some  self  focusing  of  the  dye  laser  beam  in 
the  dye  doped  methanol  solution.  This  effect  in  com¬ 
bination  with  the  focusing  mirror  used  after  the 
amplifier  cell  to  create  the  SBS  mirror,  resulted  in  a 
compound  lens  pair  with  a  degraded  focusing  ability. 
The  reduced  power  density  within  the  flowing  dye 
cell  reduced  the  efficiency  of  the  SBS  mirror. 

Minor  impurities  in  the  SBS  medium  may  also  have 
contributed  to  degradation  in  the  SBS  mirror.  For 
example,  methanol  is  known  to  absorb  atmospheric 
water  vapor,  and  the  presence  of  water  has  been 
shown  to  reduce  the  SBS  mirror  efficiency  [10],  A 
simple  system  to  seal  or  purge  the  atmosphere  above 
the  laser  dye  solutions  could  eliminate  the  water 
contamination.  Recently,  Eichler  and  co-workers 
[11]  reported  significant  increases  in  the  efficiency 
of  SBS  in  liquids  when  minute,  undissolved  particles 
were  removed  by  repeated  vacuum  distillation.  For 
example,  the  SBS  efficiency  in  methanol  was 
increased  from  approximately  1%  to  10%  following 
the  distillations.  For  these  studies  Eichler  et  al.  [11] 
used  100  mJ  of  broadband  1.06  pm  radiation  as  the 
SBS  generation  beam.  In  addition,  optical  break¬ 
down,  sparking  and  bubble  formation,  all  of  which 
degrade  SBS  were  reduced.  Although  we  carefully 
filtered  the  dye  solutions,  no  purification  of  the 
methanol  was  performed.  This  should  also  be  inves¬ 
tigated  more  thoroughly.  The  efficiency  and  output 
of  the  phase-conjugated  dye  laser  remained  constant 
over  a  six  month  period  during  which  10^  laser  shots 
were  fired  at  the  400  mJ/pulse  (532  nm)  pump  level. 
This  indicates  that  the  dye  was  not  degraded  by  the 
pump  light  nor  the  SBS  process. 

The  dye  laser  efficiency  and  SBS  efficiency  can  be 
significantly  improved  with  a  newly  designed  dye 
laser.  Computer  modeling  of  the  dye  laser  beam 
focus  within  a  dye  doped  methanol  solution  would 
be  used.  The  dye  laser  efficiency  could  be  improved 
by  first  determining  the  bandwidth  requirements  for 
efficient  SBS  mirror  production.  If  a  broader 
bandwidth  dye  laser  oscillator  could  be  used  to  pro-, 
duce  an  efficient  SBS  mirror,  then  a  significantly 
more  efficient  oscillator  could  be  designed  to  pro¬ 
vide  this  radiation.  There  will  be  a  tradeoff  between 
bandwidths  of  the  dye  laser  and  SBS  efficiency 
since  it  is  known  that  broadband  lasers  (low  tempo¬ 
ral  coherence)  produce  degraded  SBS.  On  the  other 
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hand,  higher  efficiency  dye  lasers  result  if  fewer 
laser  line  narrowing  elements  are  used  in  the  dye 
laser.  The  design  of  a  more  efficient  amplifier  opti¬ 
cal  train  would  result  in  high  beam  quality,  yet 
efficient  conversion  would  also  be  undertaken.  The 
use  of  a  divided  capillary  cell  power  amplifier  would 
be  employed  to  produce  efficient  amplification, 
improved  medium  quality,  and  the  required  environ¬ 
ment  for  efficient  SBS  mirror  production.  A 
preliminary  design  is  shown  in  Figure  49.  Note  that 
in  this  configuration  the  power  amplifier  is  end 
pumped  rather  than  side  pumped.  We  believe  that 
end  pumping  would  result  in  a  higher  quality  output 
beam.  The  configuration  might  also  alleviate  some 
of  the  polarization  rotation  observed  in  the  side- 
pumped  system  described  above. 

Additional  improvements  in  the  dye  laser  design 
which  would  result  in  more  efficient  conversion  are 
listed  below; 

•  AR  coated  preamplifier  cell 

•  AR  coated  power  amplifier  cell 

•  AR  coaled  dye  laser  telescope 

•  AR  coated  Nd:YAG  beam  steering 
optics 

•  Large  aperture  optical  isolator  to  avoid 
beam  clipping 

We  believe  that  by  implementing  the  aforementioned 
improvements  to  the  dye  laser  we  could  achieve 
conversion  efficiencies  30-35%  for  a  Rhodamine 
590  lasing  medium  with  SBS  used  in  the  double 
pass  amplifier.  Furthermore,  high  repetition  rate  per¬ 
formance  to  the  40-50  Hz  level  could  be  achieved. 
The  maximum  repetition  rate  of  18  Hz  demonstrated 
during  this  program  was  limited  only  by  the  power 
supply. 

PSI  and  LTA  are  uniquely  qualified  to  develop  the 
SBS  dye  laser.  PSI  and  LTA  have  extensive  experi¬ 
ence  in  laser  development  and  laser  characterization. 
In  recent  years  PSI  has  developed  the  capability  to 
accurately  measure  dye  laser  spectral  mode  structure 
and  bandwidth  on  a  single  shot  and  average  basis. 
PSI  has  experience  in  modifying  dye  lasers  to  tailor 
the  output  bandwidths  for  specialized  programs  and 
has  achieved  the  desired  laser  characteristics  for  a 
number  of  programs  involved  in  gas  flow-field  char¬ 
acterization.  This  capability  will  be  essential  in 
determining  the  effect  of  mode  structure  and 
bandwidth  upon  SBS  mirror  efficiency.  LTA  person¬ 
nel  have  broad  applicable  experience  with  the 
characterization  and  use  of  SBS  in  removing  system 
optical  aberrations.  PSI  has  also  developed  a  power¬ 
ful  gain  measurement  tool  capable  of  measuring 
optical  gains  below  10’^.  This  capability  has  proven 
valuable  for  both  dye  laser  and  gas  phase  laser 
development.  PSI  and  LTA  have  also  been  working 


37 


Phase  II  Tunable  Visible  Laser  Source 


Final  Report 


Figure  49.  Schematic  Diagram  of  Proposed  SBS  Dye  Laser 

Full 


on  laser  dye  characterization  including  DR  laser  dyes 
and  alternative  dye  laser  pumping  schemes.  LTA  has 
extensive  experience  in  optical  resonator  develop¬ 
ment  and  modeling  using  computer  ray  tracing 
codes.  This  experience  would  prove  invaluable  for 


efficient  dye  laser  development.  The  combined  capa¬ 
bilities  of  these  two  organizations  would  result  in  an 
efficient  development  program  to  build  an  advanced 
compact  SBS  dye  laser  capable  of  tunable,  near  dif¬ 
fraction  limited  beam  quality  in  the  far-field. 
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